isolates has become an important objective to identify resistance sources to the pathogen. In this study, 10 plant introductions (PIs) previously identifi ed as resistant in Paraguay were evaluated using three ASR isolates from Mississippi. Soybean cultivars Williams 82 and Freedom, and four PIs with known single genes for resistance to P. pachyrhizi also were included as susceptible and resistant checks, respectively. Replicated experiments were conducted in growth chambers at the USDA-ARS Stoneville Research Quarantine Facility in Mississippi. Soybean line PI 567102B was identifi ed as the most resistant line among the 10 resistant PIs identifi ed in Paraguay. It had the lowest severity rating, no sporulation, and near immune/ hypersensitive reaction to isolate MS07-2, and red-brown (RB) reactions to isolates MS06-1 and MS07-1. In addition, reaction of PI 567102B to ASR differed from that of four PIs with known resistance genes. PI 200492 (Rpp1) had immune reaction to all three Mississippi isolates, while PI 230970 (Rpp2), PI 462312 (Rpp3), and PI 459025B (Rpp4) had RB lesions with different sporulation ratings. Soybean lines having resistant reactions to both U.S. and Paraguay isolates may be important sources for developing elite cultivars with broad resistance to ASR.
between the host and the pathogen. Physiological specialization of P. pachyrhizi in soybean also has been known for several decades (Bromfi eld, 1984) . Soybean rust has a broad host range including more than 90 legume species (Rytter et al., 1984; Hartman, 1999, Lynch et al., 2006) . Soybean is susceptible to P. pachyrhizi at any stage of development (Melching et al., 1989) . Yield losses caused by soybean rust were reported from 13 to 80% (Ogle et al., 1979; Yang et al., 1990; 1991; Sinclair and Hartman, 1995) . ASR has the potential to cause signifi cant yield losses and major economic damage to U.S. soybean production (Grau et al., 2004; Livingstone et al., 2004) . Chemical treatment with fungicide has been used as the fi rst line of defense to minimize the impact of soybean rust (Levy, 2005) . However, breeding for resistance to soybean rust is one of the most eff ective long-term strategies for controlling ASR (Bromfi eld, 1976; Hartman et al., 2005; Monteros et al., 2007) .
Specifi c resistance to P. pachyrhizi has been found. Four single dominant genes were identifi ed as Rpp1 (Brom fi eld, 1984) , Rpp2 , Rpp3 (Bromfi eld and Hartwig, 1980; Hartwig and Bromfi eld, 1983) , and Rpp4 (Hartwig, 1986) . Of the four genes, the Rpp1 locus was mapped between SSR markers BARC_Sct_187 and BARC_Sat_064 on linkage group G (Hyten et al., 2007) . However, those four genes condition resistance to a limited set of P. pachyrhizi isolates and were not the durable resistance sources for soybean rust . The ability of P. pachyrhizi to overcome single-gene resistance was reported. For example, PI 200492 (cultivar Komata, Rpp1) was identifi ed as resistant in germplasm evaluation during 1961 to 1963 (Bromfi eld 1984 . By 1966, susceptible lesions were found on plants of this line in fi eld trials . Similarly, PI 230970 (Rpp2) was identifi ed as resistant in fi eld evaluation from 1971 to 1973, but in 1978, most of the lesions found on plants in the fi eld were of the susceptible "TAN" type . The redbrown (RB) lesion resistance gene for ASR from soybean 'Hyuuga', a Japanese cultivar, was mapped and confi rmed on linkage group LG-C2 (Monteros et al., 2007) . Markerassisted selection with the SSR markers on LG-C2 can be used to select lines with the Hyuuga RB lesion type that is associated with reduced ASR severity and lower ASR sporulation (Monteros et al., 2007) . Currently, no U.S. soybean cultivars have been reported as resistant to ASR (Hartman, 1991) . There is a need to identify new sources of soybean rust resistance.
Before 2004, ASR was not present in the continental U.S., and evaluation of U.S. soybean lines for resistance was conducted only with foreign isolates. Since the discovery of ASR in North America in 2004, evaluation of soybean lines with U.S. isolates has become an important objective in identifying resistance sources to the pathogen. In this study, 10 plant introductions (PIs) that were previously identifi ed as ASR-resistant in Paraguay were evaluated using three ASR isolates from Mississippi. The objective of this study was to test the reaction of those lines to Mississippi isolates and evaluate their resistance to ASR. The overall goal was to identify soybean lines that are resistant to both foreign and domestic ASR isolates and that may provide new sources of resistance for developing elite cultivars with broad resistance to ASR.
MATERIALS AND METHODS

Pathogen Isolates and Maintenance
Pathogen isolates, their geographic origins, and the date of collection are listed in Table 1 . All P. pachyrhizi isolates were obtained from urediniospores harvested from numerous pustules on fi eld-collected soybean or kudzu [Pueraria lobata (Willd.) Ohwi] leaves and confi rmed by microscopy, enzyme-linked immunosorbent assay (ELISA) and polymerase chain reactions (PCR) as previously described (Li et al., 2007) . Urediniospores from each isolate were increased on soybean cultivar Williams 82 in the Stoneville Research Quarantine Facility in Mississippi. Isolates were then purifi ed from single uredinium on leaves of Williams 82 by picking up a single uredinium using a fi ne needle under an Olympus SZX12 dissecting microscope, and reinoculating/streaking single uredinium on new leaves of Williams 82. This inoculation-isolation cycle on Williams 82 for culture purifi cation was repeated four times. Urediniospores from single-uredinium isolate infected leaves during spore increase was harvested using a Cyclone Surface Sampler (Burkard Manufacturing Co. Ltd., Rickmansworth, Hertfordshire, UK) connected to a vacuum pump, beginning 10 to 14 d after inoculation (DAI) and continuing at weekly intervals. All isolates (urediniospores and infected leaves) were stored in a -80°C freezer.
Plant Materials
Sixteen soybean genotypes, including 10 PIs that were previously identifi ed as resistant in Paraguay (Miles et al., 2008) , were used in this study (Table 2 ). In addition to those PIs, soybean cultivars Williams 82 and Freedom, and four PIs with known single genes for resistance to P. pachyrhizi (Rpp1-Rpp4) also were included as susceptible and resistant checks, respectively (Table 2 ).
All ASR experiments were performed at the USDA-ARS Stoneville Research Quarantine Facility in Mississippi. One seed of each of the soybean lines was planted into individual Jiff y poly-pak pots (Hummert, St. Louis, MO) in a (27 × 52 cm) fl at that contained 5 × 10 pots. Since 27 plants (3 replications and 3 plants per replication for the test of each of three isolates) 
Disease Severity, Lesion Types, and Sporulation Assessment
Assessments of disease severity, lesion types, and sporulation were performed at 14 DAI. Disease severity was evaluated on the fi rst trifoliate leaves. A fi ve-point scale based on lesion density as previously described with modifi cation/specifi cation on the percentage of infected area, in which 1 = no visible lesions, 2 = a few lesions (1-20% infected area), 3 = a moderate lesion density (21-50% infected area), 4 = a heavy lesion density (51-80% infected area), and 5 = a very heavy lesion density over most of the leaf (81-100% infected area). The lesion types on each soybean line also were recorded and classifi ed as TAN, RB, MIX, or immune reaction as previously of each line were needed in each trial, 5 to 10 extra pots of each soybean line also were planted to allow adequate plants for the test. Before inoculation, pots were re-arranged in fl ats based on the experimental design. Sun Grow Metro Mix 360 soil (Sun Grow Horticulture Products, Belleview, WA) was used for fi lling the pots. Flats were placed in a Conviron growth chamber under a 16-h photoperiod with a light intensity of 433 μmol m -2 s -1 at 25 ± 2°C and watered daily.
Inoculation of Plants in the Quarantine Facility
Inoculation was performed on 21-d-old seedlings. Inocula were prepared using freshly collected urediniospores from Williams 82. Spore suspensions were made using sterile distilled water containing 0.01% Tween-20 (v/v), mixed, and fi ltered through a 100-μm cell strainer (BD Biosciences, Bedford, MA) to remove any debris and clumps of urediniospores. Urediniospores were quantifi ed using a hemocytometer and diluted to a fi nal concentration of 40,000 per mL. Inoculation was at the rate of one milliliter of spore suspension per plant and applied with a Preval sprayer (Yonkers, NY). After inoculation, plants were placed in a dew chamber in the dark at 22°C overnight (approximately 16 h) and then moved to Conviron growth chambers where temperatures were maintained at 23°C during the day and 20°C at night under a 16-h photoperiod with a light intensity of 280 μmol m -2 s -1 . Experiments were conducted using a split plot design in which the main unit was three isolates. The main unit design is a Latin square blocking on three growth chambers for three trials. For each trial, each growth chamber was assigned an isolate. The randomization procedure was constrained so that each growth chamber contained a diff erent isolate over three trials. The subunit for each trial was 16 soybean lines with three replications placed in three fl ats. Each replication consisted of a set of three plants (subsamples) for each line and was randomized within a fl at in a growth chamber.
In addition, six soybean lines (PI 567099A, PI 567102B, and four Rpp lines) that had resistant reaction (either RB or immune/hypersensitive) to any of the single isolates and a susceptible cultivar, Williams 82, were further tested with a mixture of three isolates, which were prepared by mixing the same amount/volume spore suspensions from each isolate. The concentration of spore suspension and the preparation method were the same as described above. The experiment was a randomized complete block design. Seven soybean lines were blocked and randomized in three replications. An experimental unit consisted of 
Greenhouse tests in Paraguay. Mean soybean rust severity was based on 1 to 9 scale with 1 = no soybean rust present, 2 = up to 0.25% of surface affected, 3 = up to 0.5% of surface affected, 4 = up to 1% of surface affected, 5 = up to 2.5% of surface affected, 6 = up to 5% of surface affected, 7 = up to 10% of surface affected, 8 = up to 20% of surface affected, and 9 = over 20% of surface affected. Ratings were converted to percentages using the midpoint for each range (Miles et al., 2008) . § Field tests in Paraguay. MG VI and VII plants were evaluated at 106 and 129 d after planting (DAP), respectively. MG VIII and IX plants were evaluated at 129 and 130 DAP, respectively (Miles et al., 2008) . ¶ Tested at the USDA-ARS, Foreign Disease-Weed Science Research Unit. The fi rst 10 plant introductions (PIs) were evaluated with four isolates: Brazil 01-1, Paraguay 01-2, Thailand 01-1, and Zimbabwe 01-1 , and the three PIs with known resistance genes were evaluated with six isolates: Brazil 01-1, Paraguay 01-2, Thailand 01-1, TW72-1, TW80-2, and Zimbabwe 01-1 (Miles et al., 2007) . Mean soybean rust severity was based on 1-to-5 scale, in which 1 = no visible lesions, 2 = a few scattered lesions present, 3 = a moderate number of lesions on at least part of the leaf, 4 = abundant number of lesions on at least part of the leaf, and 5 = prolifi c lesion development over most of the leaf . described (Bonde et al., 2006; Bromfi eld, 1984) . TAN lesion type indicated that the lesions were tan and was considered as a susceptible reaction; whereas the RB referred to the reddish brown lesion color and was considered a resistant reaction. MIX reaction had a mixture of TAN and RB lesion types on the same leaf or diff erent plants. An immune reaction indicated a lack of obvious symptoms. Sporulation was rated based on the relative percentage of lesions producing urediniospores on each plant tested using a 1-to-5 scale, where 1 = no sporulation, 2 = less than 25%, 3 = 26 to 50%, 4 = 51-75%, and 5 = 76 to 100% of the lesions sporulating (Miles et al., 2007) .
Analysis of variance was conducted using general linear mixed model procedure (PROC Mixed) of SAS (version 9.1, SAS Institute, Cary, NC). Soybean line and isolate means were compared by Fisher's protected least signifi cant diff erence (LSD) at P ≤ 0.05 unless otherwise stated.
RESULTS
Results of analysis of variance indicated that there were signifi cant (P < 0.0001) isolate × genotype interactions for severity and sporulation. Diff erence in soybean genotypes had the strongest eff ects in the source of variance (Table 3) .
Soybean rust severity diff ered signifi cantly (P ≤ 0.05) by isolate and soybean genotypes (Table 3 and 4) . Isolate MS07-1 caused the most severe soybean rust, whereas isolate MS06-1 was intermediate, and isolate MS07-2 caused least soybean rust severity. The ranges of disease severity were from 1.0 to 4.8 for isolate MS06-1, from 1.0 to 4.8 for isolate MS07-1, and from 1.0 to 4.9 for isolate MS07-2 (Fig. 1) . In the ranking of 10 resistant lines identifi ed in Paraguay, PI 567102B was identifi ed as the most resistant line. PI 567099A had a diff erential response with severity values of 3.0 and 3.4 to isolates MS06-1 and MS07-1, respectively, but low severity value of 1.6 to isolate MS07-2 (Fig. 1) . The most susceptible soybean line was Williams 82. PI 567102B, PI 587886, and PI 594767A had severity values less than 3 to all isolates (Fig. 1) (Fig. 2) . Soybean rust sporulation also diff ered signifi cantly (P ≤ 0.05) by isolate and soybean genotypes. Isolate MS07-1 had the greatest sporulation, whereas isolate MS07-2 was intermediate, and isolate MS06-1 caused lowest sporulation (Table 4 ). The ranges of soybean rust sporulation ratings were from 1.0 to 4.8 for isolate MS06-1, from 1.0 to 4.9 for isolate MS07-1, and from 1.0 to 5.0 for isolate MS07-2 (Fig. 2) . The diff erences in mean sporulation ratings among soybean genotypes were signifi cant (P ≤ 0.0001) with a range from 1.0 to 4.9. PI 567102B had RB reactions to isolates MS06-1 and MS07-1, and nearly immune reaction with a few small, hypersensitive, pinhead-like dark specks to isolate MS07-2. No sporulation was found with each of three isolates at 14 DAI (Fig. 2) and at 28 DAI (data not shown).
In contrast, soybean cultivar Williams 82 had the greatest sporulation ratings. PI 567099A had susceptible TAN lesion type Residual error 0.2826 † Soybean rust severity was evaluated using a fi ve-point scale based on lesion density as described by Miles et al. (2006) with modifi cation/specifi cation on the percentage of infected area, in which 1 = no visible lesions, 2 = a few lesions (1-20% infected area), 3 = a moderate lesion density (21-50% infected area), 4 = a heavy lesion density (51-80% infected area), and 5 = a very heavy lesion density over most part of the leaf (81-100% infected area). ‡ Numerator degree of freedom associated with F-test. § Denominator degree of freedom, a function of random effect involved in F-test. ¶ Sporulation was rated based on the relative percentage of lesions producing urediniospores on each plants tested using a 1-to-5 scale, where 1 = no sporulation, 2 = less than 25%, 3 = 26 to 50%, 4 = 51-75%, and 5 = 76 to 100% of the lesion sporulating (Miles et al., 2007) .
to infection by isolate MS06-1, but had RB reaction to isolates MS07-1 and MS07-2 with contrasting susceptible and more resistant sporulation ratings of 4.4 and 1.7, respectively (Fig. 2) . For the Rpp lines, PI 200492 (Rpp1) had immune reaction when tested with each isolate, while PI 230970 (Rpp2), PI 462312 (Rpp3), and PI 459025B (Rpp4) had RB lesion reactions. Unlike PI 567102B where no sporulation was observed when tested with all three isolates, the lesions for those Rpp lines with RB reaction were intermediate to highly sporulated across all three isolates. This result combined with high severity scores for RB lesion types described above clearly indicates that although RB lesions may be an indicator of a resistant reaction, lesion phenotype alone can no longer be used to diff erentiate disease reaction (resistant vs. susceptible).
In the tests of soybean lines with a mixture of three isolates, PI 567099A had mean severity and sporulation rating of 2.6 and 3.2, respectively. Interestingly, 22% plants had RB lesion and 78% plants had MIX reaction. All PI 567102B plants had RB reaction with a mean severity of 1.4. None of the lesions sporulated. All Williams 82 plants had TAN reaction with 4.6 and 4.9 ratings for mean severity and sporulation, respectively. PI 200492 (Rpp1) had immune reaction while PI 230970 (Rpp2), PI 462312 (Rpp3), and PI 459025B (Rpp4) had RB reactions with severity values of 3.4, 2.5, and 3.5, respectively. PI 459025B (Rpp4) had the greatest sporulation rating of 4.2, while PI 462312 (Rpp3) had the lowest sporulation rating of 2.2. The sporulation rating for PI 230970 (Rpp2) was 3.4.
DISCUSSION
The widespread distribution of ASR in the world and potential for severe yield losses make soybean rust one of the most serious soybean foliar disease. To identify new sources of resistance to domestic ASR isolates, one of our strategies was to evaluate soybean lines that were previously identifi ed as resistant to foreign isolates. In this study, 10 soybean plant introductions that were identifi ed as resistant in both greenhouse and fi eld tests in Paraguay were evaluated using three Mississippi isolates of P. pachyrhizi. Most of these soybean lines also had relatively low rust severity and RB resistant reaction to P. pachyrhizi isolates from Thailand, Brazil, and Zimbabwe .
Knowledge of how soybean genotypes react to different isolates is very valuable for evaluating soybean lines for resistance. Variation of P. pachyrhizi isolates on soybean was reported Hartman et al., 2004; Bonde et al., 2006) . In this study, isolate MS07-1 was identifi ed as the most virulent isolate when compared with other isolates. This isolate was from infected soybean leaves collected in August 2007 in Mississippi. At that time the air temperature was around 41°C in the fi eld. Survival of P. pachyrhizi at such high temperature is worth notice because reported temperature for urediniospores germination is 16-28°C (Sinclair and Hartman, 1999) , and the optimal infection temperature is 20-25°C although infection can occur over a broad range of temperature of 15-29°C (Dorrance et al., 2005) . In another study, no lesions developed at 9 and 28.5°C even with dew periods as long as 20 h (Melching et al., 1989) . Further characterization of this isolate using molecular and pathogenic approaches can provide useful information about the ASR pathogen and the selection for disease-resistance evaluation.
In general, TAN is a susceptible reaction that is associated with high rust severity and high sporulation rating while RB refers to the reddish brown lesion color and is considered a resistant reaction with lower severity and reduced sporulation. However, there were some exceptions. Chakraborty et al. (2007) reported mapping of QTL for resistance to ASR using a population derived from a PI with a low number of susceptible tan lesions, suggesting partial resistance. In the tests of isolates Australia-72-1, India-73-1, and Taiwan-72-1, Bromfi eld et al. (1980) reported that about 51% of the RB lesions lacked uredinia at two weeks after inoculation, 26% had one uredinium per lesion, and 23% had two or more uredinia per lesion. At four weeks after inoculation, however, only 10% of the lesion lacked uredinia, 13% had one uredinium, and 77% had two or more uredinia per lesion. However, there was variation in the RB reaction based on the levels of sporulation. It was found that PI 230970 (Rpp2) had RB reaction to isolate TW80-2 with severity value of 3.3 (1-5 scale), but the sporulation rating was 4.2 when inoculated with isolate ZM01-1 (Miles et al., 2007) . In this study, PI 587886 and PI 594767A had a TAN lesion type and a relatively low severity rating (less than 3.0), but their sporulation ratings were greater than 3.0 when inoculated with each isolate. PI 56799A had a susceptible TAN lesion type in response to infection by isolate MS06-1, but had resistant RB reaction to isolates MS07-1 and MS07-2 with sporulation values of 4.4 and 1.7, respectively. It appears The experiment was performed three times with three replications each time.
Means with different letter were signifi cantly different using Fisher's protected least signifi cant difference (LSD) at P ≤ 0.05. Soybean rust severity was evaluated using a fi ve-point scale based on lesion density as described by Miles et al. (2006) with modifi cation/specifi cation on the percentage of infected area, in which 1 = no visible lesions, 2 = a few lesions (1-20% infected area), 3 = a moderate lesion density (21-50% infected area), 4 = a heavy lesion density (51-80% infected area), and 5 = a very heavy lesion density over most part of the leaf (81-100% infected area). ‡ Sporulation was rated based on the relative percentage of lesions producing urediniospores on each plants tested using a 1-to-5 scale, where 1 = no sporulation, 2 = less than 25%, 3 = 26 to 50%, 4 = 51-75%, and 5 = 76 to 100% of the lesion sporulating (Miles et al., 2007) .
that RB lesions can have high or low sporulation values. PI 459025B (Rpp4) had the greatest sporulation rating among the Rpp lines for each isolate. No sporulation was found in PI 567102B to all isolates tested when the rating time extended to 28 DAI (data not shown). MIX referred to the reaction that had a mixture of TAN and RB lesion types on the same leaf or on diff erent plants. There are several opinions about the cause of MIX reaction. One is variability in the expression of the RB reaction between experimental repeats of the individual P. pachyrhizi isolates; other explanations include: environmental eff ects interfere with normal disease development, or experimental error resulting from evaluations that varied from person to person (Miles et al., 2007) . MIX was also assumed to be the result of a mixture of races of isolates in the inoculum (Bonde et al., 2006) . It seems that mixed reaction often happened when using a bulk pathogen population or a mixture of several isolates for the test . In this study, experiments were performed using purifi ed single-uredinium isolates in growth chambers with controlled conditions. Lesion type in the same leaf or on diff erent plants was similar although some lesions were not easily classifi ed. No mixed reaction was observed when tested with a single-uredinium isolate. However, when tested using a mixture of three isolates, PI 567099A plants had both RB and MIX reactions. Further investigation of the response of diff erent genotypes of soybean to the infection by a single isolate or a mixture of diff erent isolates could increase our knowledge about the cause of the MIX reaction and provide information for isolate selection and resistance evaluation. In this study, soybean line PI 567102B was identifi ed as the most resistant line among the 10 resistant lines identifi ed in Paraguay. It had the lowest severity rating, no sporulation, and near immune/ hypersensitive reaction to isolate MS07-2, and red-brown reaction to isolates MS06-1 and MS07-1. In addition, reaction of PI 567102B to ASR diff ered from that of four PIs Figure 1 . Mean soybean rust severity rating of 16 soybean lines evaluated against three Phakopsora pachyrhizi isolates in an experiment that was performed three times with three replications each time at the USDA-ARS Stoneville Research Quarantine Facility in Mississippi. Soybean rust severity was evaluated using a fi ve-point scale based on lesion density as described by Miles et al. (2006) with modifi cation/specifi cation on the percentage of infected area, in which 1 = no visible lesions, 2 = a few lesions (1-20% infected area), 3 = a moderate lesion density (21-50% infected area), 4 = a heavy lesion density (51-80% infected area), and 5 = a very heavy lesion density over most part of the leaf (81-100% infected area). Error bars represent the standard error of the mean.
with known resistance genes. PI 200492 (Rpp1) had immune reaction to all three Mississippi isolates, while PI 567102B was only immune to isolate MS07-2. Although PI 567102B had RB lesions when tested with isolates MS06-1 and MS07-1, none of the lesions were sporulated. However, the RB lesions in PI 230970 (Rpp2), PI 462312 (Rpp3), and PI 459025B (Rpp4) were sporulated. Collaborative research is underway to evaluate a segregating population with PI 567102B as one of the parents. Mapping of the resistance gene in PI 567102B will confi rm if it diff ers from the four known resistance genes (Rpp1-Rpp4). Soybean lines having resistant reactions to both U.S. and Paraguay isolates may be important sources for developing elite cultivars with broad resistance to ASR. Figure 2 . Mean soybean rust sporulation rating of 16 soybean lines evaluated against three Phakopsora pachyrhizi isolates in an experiment that was performed three times with three replications each time at the USDA-ARS Stoneville Research Quarantine Facility in Mississippi. Sporulation was rated based on the relative percentage of lesions producing urediniospores on each plants tested using a 1-to-5 scale, where 1 = no sporulation, 2 = less than 25%, 3 = 26 to 50%, 4 = 51 to 75%, and 5 = 76 to 100% of the lesion sporulating (Miles et al., 2007) . Error bars represent the standard error of the mean. Lesion types: Immune reaction with no visible rust lesions (solid white bar); RB reaction with red-brown lesions (striped bar); TAN susceptible reaction with tan color lesions (solid black bar).
